INTRODUCTION
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Resale or republication not permitted without written consent of the publisher may be prevalent and an important mechanism in the evolution of feeding selectivity (Mullin 1967) . Nutritional specialisation in copepods may be accomplished by specific morphological traits, e.g. differences in mouth parts (Schnack 1982) or in mechanoreceptors of the first antennae (Yen et al. 1992) . Also, behavioural adaptations to different (algal) diets, e.g. the beat frequencies of feeding appendages, have been related to differences in natural diets (Vanderploeg & Paffenhöfer 1985) . Most notably though, calanoid copepods show different modes of swimming which may be associated with different diets, since swimming and feeding are inevitably linked (Greene 1988) .
Based on observations and the hydrodynamic analysis of flow fields, distinguished 3 different foraging modes in calanoid copepods: (1) stationary suspension-feeding, (2) fast swimming interrupted by sinking periods ('cruise and sink' mode) and (3) motionless sinking with short jumps ('ambushing'). According to their classification, stationary suspensionfeeders, such as Temora longicornis, Pseudocalanus elongatus and Paracalanus parvus, feed primarily as herbivores. This is because they produce hydrodynamically 'loud' feeding currents, which are effective in entraining immotile phytoplankton, but less effective in capturing motile prey with strong escape responses, such as ciliates. In contrast, both cruising (e.g. Centropages typicus, C. hamatus) and ambushing (e.g. Acartia spp.) species may include a higher percentage of motile heterotrophic prey in their diet, since they forage in a hydrodynamically less 'noisy' manner.
Conclusions about copepod feeding are commonly drawn from incubation (bottle) experiments, which, however, involve major methodological problems, e.g. nutrient regeneration, crowding and lack of competition. Especially the latter aspect may contribute to the finding of similar dietary preferences for different species of copepods in bottle experiments (Poulet 1978 ). An alternative approach in assessing the relative contribution of autotrophic and heterotrophic prey to an animal's diet may be the measurement of nitrogen stable isotopes (δ 15 N). This approach is based on the finding that an animal's δ 15 N becomes increasingly enriched at each stage of trophic transfer (Minagawa & Wada 1984) , so that stronger carnivory in a species is expected to result in a higher δ 15 N (Kling et al. 1992 , Jennings et al. 2002 . If, therefore, diets of copepods differ according to their feeding mode, we would expect a relatively higher δ 15 N for a more carnivorous copepod ambushing motile (ciliate) prey than for a stationary suspension-feeding copepod filtering immotile (diatom) phytoplankton.
We tested this assumption in a mesocosm experiment, using a simple food web composed essentially of heterotrophic ciliates, diatoms and nanoflagellates as potential food, and a natural community of calanoid copepods. In our approach we considered 2 aspects: (1) the initial δ 15 N of copepods, and (2) the densitydependent δ
15
N enrichment along a copepod density gradient (Fig. 1) . Initial copepod δ 15 N would be likely to differ at the onset of the experiment due to potential differences in the species' previous diets. Consequently, δ 15 N enrichment was considered a relative departure from the respective species' initial δ 15 N. Since tissue turnover and thus enrichment with 'heavy' δ 15 N depends on feeding (Macko et al. 1986 ) and because food availability increases inversely with copepod density, copepod δ 15 N were expected to generally increase with decreasing copepod density. Therefore, a species' degree of carnivory (i.e. the inclusion of heterotrophic prey in its diet) was inferred from the slope of a regression on δ 15 N as a function of copepod density. We expected that the magnitude of the regression slope would depend on the copepod species' feeding mode, with less negative-slope values for stationary suspension-feeding copepods than for cruising or ambushing species.
MATERIALS AND METHODS
The mesocosm study was conducted in July 2001 in the semi-enclosed Hopavågen lagoon situated near Trondheim Fjord in central Norway (Fig. 2) lagoon (~27 ha, 32 m depth) is very suitable for enclosure experiments because of its sheltered geography and the fact that ~14% of the water is exchanged daily through tidal forcing (Marion 1996) . The water temperature during the study period (13 to 20 July) was ~13°C. Transparent mesocosm bags (1 × 2 m diameter × length, ~1.5 m -3 enclosed water volume) were filled by hauling the submerged bags to the surface from ~3 m depth. After filling, mesozooplankton from within the bags were removed by means of vertical hauls with a 250 µm plankton net (0.8 m diameter). This procedure resulted in a substantial reduction of copepods in the bags (~6 ind. l ). Simultaneously, mesozooplankton -composed almost exclusively of calanoid copepods -were collected with a 250 µm plankton net in the lagoon and concentrated in a plastic barrel (200 l). Dead and injured individuals were removed from the bottom of the barrel before adding copepods to the mesocosm bags in order to achieve final concentrations of 5, 10, 20, 40 and 80 ind. l ) encountered in the Hopavågen. In 2 bags, vertical net hauls (250 µm mesh size, 0.8 m diameter) were performed daily in order to maintain these bags as completely devoid of copepods as possible throughout the study period (control treatment). All treatment densities and the control were replicated twice, resulting in 12 bags in total.
Samples for phytoplankton and ciliate counts were taken after mixing the entire enclosed water body, and fixed with a few drops of Lugol's solution. Low-precision counts of phytoplankton and ciliates in 30 ml sediment chambers were performed daily in order to monitor plankton dynamics. Substantial differences between the seston composition in bags of different copepod densities were evident after 3 d, with the respective positive or negative effects of copepods on different food particles remaining qualitatively the same until the end of the experiment. A detailed, indepth analysis of seston composition of samples from 19 July was performed in 100 ml sediment chambers under an inverted microscope (Leica DM IRB) following Utermöhl (1958) . The carbon content of diatoms and nanoflagellates was estimated from equations provided by Strathmann (1967) , and that of ciliates calculated after Putt & Stoecker (1989) . Chlorophyll a (chl a) concentrations were determined in situ using a submersible Fluoroprobe (bbe Moldaenke).
Samples for zooplankton counts were taken with a 50 µm quantitative plankton net in each bag (0.1 m diameter opening, ~12 l sampled). Net contents were preserved in formalin (4% final concentration). The entire sample was counted to determine copepod densities. Population growth rates (r ) of copepod species were calculated as:
where D a and D b are copepod densities on the final and initial days, respectively, and c is the number of days.
Samples for the analysis of initial copepod δ 15 N were taken from the barrel in which copepods were concentrated at the onset of the experiment on 13 July. Copepod samples for final δ 15 N were collected with a 50 µm plankton net in each bag at the end of the experiment (20 July). In order to allow for species separation, all samples were preserved in 90% ethanol. Fixation of samples with ethanol may increase zooplankton δ 15 N (Feuchtmayer & Grey 2003 , Sommer 2003 , but since our approach was based on the enrichment of zooplankton δ 15 N relative to initial δ 15 N (Fig. 1) , and all samples were preserved alike, potential fixation effects of ethanol may be considered irrelevant in this study. Each δ 15 N measurement consisted of a sample of 50 to 75 copepod individuals (intact adults only) selected under a dissecting microscope and transferred to a tin cup. The initial δ 15 N of each copepod species was determined from triplicate measurements from sam- 15 N/ 14 N). Pure N 2 gas was calibrated against International Atomic Energy Agency reference standards (N1, N2, N3), and a laboratory internal standard (precision of ± 0.2 ‰) was measured after every 5th sample, encompassing a range of nitrogen comparable to that of copepod samples. Regressions and statistical analyses were performed using SigmaPlot 8.0 and Statistica 6.0 software.
RESULTS
The food web in the semi-enclosed Hopavågen lagoon was composed of 3 functional groups: (1) large, immotile microphytoplankton (the diatoms Cerataulina pelagica, Leptocylindrus minimus and Guinardia delicatula), (2) large, motile heterotrophic protozoans (essentially ciliates) and (3) nanoflagellates < 5 µm. In terms of carbon (C), the initial standing stock of heterotrophic ciliates was the largest group (~31 to 110 µg C l ) density treatments represented ~35 to 70% and ~4-to 8-fold the combined biomass of the initial standing stock of diatoms and ciliates. In most of the mesocosm bags, copepods thus represented biomass components far exceeding those of their prey.
The copepod assemblage had a strong negative impact on both diatoms and heterotrophic ciliates (Fig. 3) for all diatom species and all ciliate size classes. The C content of ciliates surpassed that of diatoms by a factor of ~2 to 6 at high and low copepod densities, respectively. Nanoflagellate biomass increased linearly with increasing copepod density and was inversely correlated with ciliate biomass (exponential regression: nanoflagellate C = 39 + 122e -0.265 ciliate C , r 2 = 0.66, p < 0.05). Together, these data suggest that the increase in nanoflagellates was the result of a combination of reduced grazing pressure by ciliates and nutrient regeneration by copepods. Chl a concentrations also increased linearly with increasing copepod density, and were positively linearly correlated with the concentration of nanoflagellates (µg chl a l -1 = 0.88 + 0.01 µg nanoflagellates l -1 , r 2 = 0.85, p < 0.0001), suggesting that a major portion of the nanoflagellates was autotrophic.
Of the 5 calanoid copepod species identified, 3 numerically dominated (> 95%) the copepod assemblage: the cruising copepod Centropagus hamatus (~20%), and Pseudocalanus elongatus (~27%) and Temora longicornis (~48%) which are both categorised as stationary suspension-feeders ). The initial δ 15 N of these species were 7.0, 7.7 and 6.8 ‰, respectively ( Fig. 4; horizontal lines) . Except for 1 value for P. elongatus, all final copepod δ 15 N were enriched over the respective initial δ 15 N and lay beyond the 95% confidence intervals. The difference between the initial and final δ 15 N in mesocosm bags with the lowest copepod density was highest for C. hamatus (~1.2 ‰), intermediate for P. elongatus (~0.7 ‰) and lowest for T. longicornis (~0.4 ‰). The final δ 15 N of C. hamatus and P. elongatus showed a density-dependent decrease with increasing copepod densities. Linear scaling of the abscissa (copepod density) suggested a non-linear, exponential function similar to those shown for diatoms and ciliates in Fig. 3 . In order to apply linear regressions, however, copepod treatment-densities were log 10 -transformed. The slope value of the linear regression was significantly larger (p < 0.05, test of parallelity) for C. hamatus (-0.63) than Strathmann (1967) and that of ciliates according to Putt & Stoecker (1989) Centropagus hamatus showed positive population growth in all but 2 mesocosm bags (which showed zero growth), with growth rates increasing inversely to copepod density (Fig. 5) ]; r 2 = 0.42, p < 0.05). Population growth rates of Pseudocalanus elongatus were generally positive, but showed no density-dependent relationship with copepod density. There was equally no evident relationship between Temora longicornis growth rates and treatment density. Growth rates of this species were negative at highest copepod densities, but showed pronounced variability between replicate bags at low to intermediate copepod densities.
DISCUSSION
The conceptual model in Fig. 1 was based on 2 major assumptions: (1) that trophic enrichment generally decreases with increasing copepod density due to reduced food availability (quantitative aspect), and (2) that stronger isotopic enrichment at low copepod densities results from a more carnivorous diet (qualitative aspect). Using the slope value as a measure of carnivory, we conclude that feeding on ciliates decreased in the following order Centropagus hamatus > Pseudocalanus elongatus > Temora longicornis, with the latter species being the most herbivorous. While this conclusion agrees with our expectations for C. hamatus, it is obviously difficult to reconcile the differences in isotopic patterns observed in P. elongatus and T. longicornis with the fact that both are categorised as stationary suspension-feeders ). Moreover, why did T. longicornis show similarly enriched δ 15 N in all mesocosms and especially in those with the highest copepod densities, in which we had expected negligible trophic enrichment? Fig. 3 shows that the copepod assemblage significantly altered the seston composition over the experimental period, such that nanoflagellates dominated biomass at all but the lowest copepod densities. Although substantial grazing on nanoflagellates seems improbable due to their small size (Vanderploeg & Paffenhöfer 1985 , Berggreen et al. 1988 , it cannot be completely ruled out that these were not ingested by copepods. Therefore, food availability cannot be considered to have become limiting per se at high copepod densities, as required by our model, making a clear separation of qualitative and quantitative aspects of trophic enrichment difficult. In the following, we will discuss each species' isotopic pattern under aspects of both quantitatively limited and unlimited food availability, and indicate alternative explanations for the observed isotopic enrichment.
Considering Centropagus hamatus first it seems most probable that the increasing isotopic enrichment with decreasing copepod density occurred due to feeding on ciliates and/or diatoms with only poor feeding on nanoflagellates. This is because C. hamatus shows a cruising foraging strategy best adapted to 'ambush' larger prey particles ). This implies that stronger enrichment was primarily the result of a quantitatively higher ingestion, since ciliate and diatom biomass increased inversely with copepod density. Yet, even if we assume that C. hamatus ingested equivalent amounts of food in all mesocosms, and thus grazed nanoflagellates in mesocosms with increasing copepod densities, stronger isotopic enrichment would be equally expected at low copepod densities. This is because ciliates may be expected to have a higher (because trophically enriched) δ 15 N. Hypothetically, there remains the unlikely possibility that a high ingestion of nanoflagellates at high copepod densities was masked by low ingestion of ciliates with a high δ 15 N. Although conceptually different, both scenarios support the view that Centropagus hamatus was the most efficient copepod species in including ciliates in its diet, since it showed the highest enrichment relative to its initial δ 15 N at lowest copepod density. Additional support in favour of this view may be the fact that only in C. hamatus did population growth rates increase inversely with copepod density, paralleling the density-dependent enrichment of its δ 15 N. However, positive population growth does not necessarily prove that adult C. hamatus performed better on a ciliatedominated food web than the other copepod species. This may have also been the result of a more successful recruitment of C. hamatus nauplii and copepodites, which were possibly faced with a more adequate food supply than subadults of Pseudocalanus elongatus or Temora longicornis.
In terms of trophic enrichment, the similarly enriched δ 15 N of Temora longicornis at all copepod densities implies feeding on diatoms and/or ciliates at low copepod densities and on nanoflagellates as copepod densities increased. In addition, the amounts of (nitrogen) biomass ingested would have had to be balanced in such a way that ingestion of the respective dietary sources resulted in a quantitatively comparable net enrichment of T. longicornis δ 15 N at all copepod densities. This assumption has 2 implications: (1) that T. longicornis was the best of the 3 copepod species in exploiting nanoflagellates as a food source, because the final δ 15 N of T. longicornis was highest compared with the initial δ 15 N in mesocosms with high copepod density; (2) that feeding occurred equally on diatoms and/or ciliates at low copepod densities, although to a lesser extent than in Centropagus hamatus and Pseudocalanus elongatus based on the smaller relative enrichment of its final δ 15 N compared with initial δ 15 N. Switching behaviour in dependence of relative particle abundance has been investigated in detail in Acartia tonsa. This species feeds on ciliates in an ambushing mode and switches to stationary suspension-feeding when diatoms are abundant , Kiørboe et al. 1996 . However, in contrast to A. tonsa, changes in Temora longicornis feeding selectivity may be achieved only by adaptations in swimming speed and beat frequency of the mouth parts (Yule & Crisp 1983 , van Duren & Videler 1995 , but not by a qualitative change of foraging behaviour (i.e. from suspension-feeding to 'cruising' or 'ambushing'). Thus, it seems reasonable to assume that T. longicornis maintained suspension-feeding and changed its diet in an unselective way by feeding on, possibly, diatoms (at low copepod density) and nanoflagellates (at increasing copepod densities) in proportion to their relative availability in the mesocosm bags. This would imply that T. longicornis was grazing at all copepod densities and may have fed largely as a herbivore, if we assume that diatoms and nanoflagellates had the same δ 15 N. This, however, raises the question why the final δ 15 N of T. longicornis did not increase with increasing copepod density, given the concurrent strong increase in nanoflagellate biomass.
Although grazing by Temora longicornis cannot be excluded, we believe that the overall, similar enrichment of T. longicornis δ 15 N was more likely to have been the result of low ingestion due to an inefficiency in feeding on ciliates (too fast for capture by T. longicornis) and nanoflagellates (too small) at low and high copepod densities, respectively. Lack of food but also feeding on a nitrogen-deficient diet (nitrogen stress) has been demonstrated to increase zooplankton δ 15 N to an extent (≤ 0.4 ‰) (Adams & Sterner 2000) similar to that observed in our study for T. longicornis (~0.4 ‰). We further suspect that the increases in the δ 15 N of Centropagus hamatus and Pseudocalanus elongatus at high copepod densities (0.2 to 0.3 ‰) were equally due to dietary nitrogen stress, because edible (large) food particles were scarce. However, whether because of a shortage of food or because of a diet based mainly on diatoms and nanoflagellates, T. longicornis appeared to be the most herbivorous species. A recent laboratory study supports this view, by showing that somatic growth in T. longicornis is optimal on a sole diatom diet and that egg production is not enhanced by the presence of ciliates (Dam & Lopes 2003) .
The similarity of isotopic enrichment in Centropagus hamatus and Pseudocalanus elongatus suggests a similar diet for both species, with the limitation that lower enrichment of P. elongatus δ 15 N in mesocosms of low density may have been the result of a relatively stronger ingestion of diatoms than ciliates. An alternative explanation for the stronger enrichment of C. hamatus δ 15 N compared with that of P. elongatus may be that trophic fractionation in the former species is relatively stronger, i.e. that the same diet results in a higher δ 15 N. Despite reports of species-specific δ 15 N enrichment (Macko et al. 1982 , Hart & Lovvorn 2002 , it is common practice in stable isotope studies to consider trophic fractionation to be independent of species per se ('same diet -same enrichment'). A violation of the assumption in our study would imply that slope values are indicative of species-specific enrichment rather than of true differences in diet composition. Moreover, both differences in dietary composition and species-specific enrichment may interact and could thus mask feeding on different trophic levels (e.g. if a herbivore shows higher trophic fractionation than a carnivore). This key aspect should be investigated in the future as proposed earlier by Gannes et al. (1997) , since it is a prerequisite for the interpretation of trophic enrichment in any stable isotope study.
Although speculative, we believe that the most likely explanation for the observed pattern of δ 15 N in Pseudocalanus elongatus is a switching behaviour in its foraging mode. This could explain the similarity to the pattern found for Centropagus hamatus δ 15 N, yet leaves the question open as to why population growth rates in P. elongatus -although generally positive -did not show the same positive increase with decreasing copepod density.
It is clear from the results of this study that consumer δ 15 N is difficult to interpret, even if the relative isotopic enrichment within a given time period, the potential food sources and aspects of the species' biology, such as foraging behaviour and morphology of the mouth parts, are known. Moreover, the food web in the Hopavågen lagoon was relatively simple, allowing inclusion of only few potential trophic links, although bundling of species into functional groups in our analysis was, of course, an additional simplification. One may question whether the gradient of copepod densities we employed may be extrapolated to natural copepod densities. Our criterion for the upper limit of the copepod density gradient was one exceeding the ambient densities in the lagoon (55 ind. l -1 ). Although it is possible that we happened to sample a highly aggregated copepod assemblage at the water surface, such high copepod densities are no unusual phenomenon in this bay at this time of the year (I. Gismervik pers. comm.). Thus, it is not clear, whether isotopic enrichment resulting from starvation is a relevant factor when considering stable isotope signatures from field samples.
Taking only the relative enrichment in mesocosms with the lowest copepod densities into account, it increased in the order Temora longicornis < Pseudocalanus elongatus < Centropagus hamatus, suggesting an increase in carnivory in the same order. This result is qualitatively identical to that achieved by our approach using the slope value as an indicator of carnivory. However, if we consider the initial δ 15 N in absolute terms (as it is traditionally done), we find increasingly higher δ 15 N in the order T. longicornis < C. hamatus < P. elongatus, implying the strongest degree of carnivory in P. elongatus. Similar variability in the δ 15 N, with no consistent pattern between species or functional groups, was also found in a recent field study on natural zooplankton δ 15 N by Sommer & Sommer (2004) . Together, these data clearly demonstrate that more laboratory studies are necessary in order to better interpret isotopic data from field samples. Such studies should focus on aspects of trophic enrichment (including the importance of species-specific enrichment), consumer and food density and potential plasticity in feeding behaviour.
